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Abstract. Performance of masonry elements externally strengthened with fiber reinforced polymers (FRPs) is intrinsically 
dependent on the bond behavior between the composite material and masonry substrate. Therefore, a sound understanding of 
the interface behavior is crucial at the design stage. In this paper, a three-dimensional model based on the smeared crack 
modeling approach is presented for investigating the bond behavior in FRP-strengthened masonry elements. The three-
dimensional aspects of bond behavior in FRP- strengthened masonry elements are investigated. Moreover, the effect of mortar 
joints in the bond behavior of strengthened masonry prisms is studied. 
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1 INTRODUCTION 
Fiber reinforced polymers (FRPs) have become a popular material for external strengthening of masonry 
structures. The experimental studies have shown that this strengthening technique can improve both the in-plane 
and out-of-plane performance of masonry walls as well as load carrying capacity of masonry arches. In this 
technique, the performance of the strengthened structures is intrinsically dependent on the bond behavior between 
the composite material and masonry substrate. Failure of the bond interface may lead to deterioration of composite 
action and stress transfer mechanisms between the structure and composite material. Therefore, a sound 
understanding of the interface behavior is crucial at the design stage. In this regard, a large number of 
experimental and numerical studies are being carried out on the bond behavior in FRP-strengthened masonry 
elements [1-6].  
Within the numerical studies, the bond behavior is usually modeled by using interface elements in a two or three-
dimensional space, see e.g. [4], due to the difficulties of adopting a micro-modeling approach (modeling all 
material constituents). However, in a micro-model approach the effect of different parameters on the global 
performance and a more reliable stress distribution can be followed, which are key issues in design procedures. 
On the other hand, the experimental results have shown that the FRP debonding is a three-dimensional 
phenomenon dependent on the material properties and FRP-to-substrate width [2, 7-9]. Therefore, adopting a 
micro three-dimensional model able to follow the crack propagation and failure surfaces is a step forward to fully 
understand the fundamental mechanics of FRP-masonry interface behavior.  
Regarding the micro-modeling approach, most of the available studies have been devoted to the bond behavior in 
FRP-strengthened concrete elements and only few studies can be found on FRP-strengthened masonry elements. 
Moreover, in both cases, two dimensional models are usually adopted, see e.g. [5, 10], and few studies on three-
dimensional models can be found, see e.g. [6-7, 11]. To the knowledge of authors, the only nonlinear three-
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dimensional model available in the literature used for modeling the bond behavior in FRP-strengthened masonry 
elements is the work presented by Fedele and Milani [6]. In this pioneering work, a damage model is used for 
representing the failure and damage propagation in masonry prisms.  
This paper presents a fully three-dimensional numerical analysis for modeling the nonlinear bond behavior in 
FRP-strengthened masonry elements using the smeared crack modeling approach. The aim of this paper is to 
accurately follow the damage propagation and to investigate the role of mortar joints on the bond behavior in 
FRP-strengthened masonry elements considering the three-dimensional nature of the debonding problem. For this 
reason, the adopted model has been verified with available experimental results performed on FRP-strengthened 
masonry bricks and then the effect of mortar joints has been studied by performing a parametric study. Mortar 
joints with different material properties representing low and high quality mortars are modeled and their effects on 
the global and local response of the strengthened element are presented and discussed. 
 
2 FINITE ELEMENT MODEL 
A three-dimensional nonlinear FE model has been adopted for modeling the typical single-lap shear bond tests on 
FRP-strengthened masonry bricks, see Figure 1. Due to the symmetry of the model configuration, only half of the 
structure is modeled. The boundary conditions are applied as it was in the reference experimental tests.  
The analysis was carried out in the FE code DIANA [12] by imposing uniform incremental displacements to the 
FRP sheet. The adopted mesh includes twenty-node solid elements for representing the masonry brick and epoxy 
layer, and shell elements for the FRP strip. A perfect bond between FRP sheet and epoxy layer and between epoxy 
layer and masonry brick was assumed. 
 
 
Figure 1: Adopted finite element model. 
 
2.1 Material models 
FRP sheet and adhesive layer are modeled with a linear elastic material. This approach is reasonable since the 
failure is usually observed in a thin layer of masonry brick and FRP sheet and epoxy resin stay in the elastic range. 
Smeared crack modeling approach is used for modeling the failure progress and crack propagation in the masonry 
brick. The ability of different smeared crack modeling approaches (Fixed smeared crack, rotating smeared crack, 
and multidirectional smeared crack) in simulating the debonding problem in FRP-strengthened masonry elements 
is investigated.  
In the smeared crack models, the cracks and reinforcing bars are smeared over the element. The cracks, once 
generated, are not modeled directly but their effects are considered by changing the material constitutive models. 
The smeared crack approach can be divided into rotating and fixed crack approaches. The rotating crack model 
assumes that the crack direction coincides with the principal direction of average strain. Therefore, it can be 
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changed or rotated following the stress condition. Since there is no shear stress on the continually updated 
principle planes, no shear model is required in this method. Therefore, this approach does not explicitly account 
for shear slip and shear stress transfer due to aggregate interlock. In the fixed crack approach, the crack direction 
does not change during the analysis until it changes more than a specific value. Therefore, shear stresses develop 
in the crack surface due to aggregate interlock which can be modeled by means of a suitable constitutive model  
The compressive behavior of the brick has been modeled with a parabolic hardening/softening model and an 
exponential softening model is used for tensile behavior. A constant shear retention factor is used in fixed and 
multi-directional cracking approaches. 
 
2.2 Model validation 
The adopted model is verified by comparing the numerical and reference experimental results. For this reason, a 
parametric study on the mesh size and crack modeling approach has been performed to obtain the best numerical 
simulation comparing to the experimental results.  
Single-lap shear bond tests performed at the University of Minho on masonry bricks strengthened with CFRP 
composite material are selected as the reference experimental tests.  
In this experimental program, 50 mm width FRP strips were applied on masonry bricks following the wet layup 
procedure. The bonded length of the strips was equal to 160 mm with a 40 mm unbounded part at the loaded end. 
The masonry units used as the substrate were clay bricks with 250x120x55 mm3, a mean compressive strength of 
19.8 MPa (CoV=2.5%), a tensile strength of 2 MPa (CoV=4%), and modulus of elasticity of 10000 MPa 
(CoV=3.8%). The tensile strength of the epoxy resin was 31 MPa (Cov=5.36%). The mechanical characteristics of 
the composite materials obtained experimentally are shown in Table 1 in terms of modulus of elasticity, fE , 
tensile strength, tf , ultimate deformation, max , and composite thickness, ft .  
 
Table 1: Mechanical properties of CFRP. 
Material Ef (MPa) 
ft 
(MPa) 
εmax 
(%) 
tf 
(mm) 
CFRP 202070 2525 1.16 0.17 
 
The fixed, rotating, and multi-directional smeared crack models, provided in DIANA, were studied as different 
smeared crack modeling approaches. The force-slip curves obtained using different crack models are shown in 
Figure 2 in comparison with the experimental envelop. In the fixed smeared cracking model (FCM), a constant 
shear retention factor of β=0.1 and β=0.01 are used. The results predicted by the rotating crack model (RCM) are 
in reasonable agreement with the experimental results, while the other crack models do not produce satisfactory 
results. The shear stress locking problem in the fixed smeared crack models has resulted in increment of shear 
stresses even after evolution of cracks. In multi-directional smeared cracking approach a smoother result is 
obtained, but reasonable agreement with experimental results was not obtained. 
In general, the RCM approach provided more reasonable results comparing to the other cracking models. 
Therefore, it has been selected in this study for simulating the debonding phenomenon and the results presented 
hereafter are obtained using this crack modeling approach. 
 
 
B. Ghiassi et al. | Young Investigator Conference 2012 4 
 
 
Figure 2: Force-slip curves obtained for different smeared crack models. 
 
3 EFFECT OF MORTAR PRESENCE IN THE BONDED LENGTH 
The changes in the interfacial behavior in FRP-strengthened masonry elements due to the presence of mortar 
joints along the bonded length are studied in this section. For this reason, two 15 mm mortar joints are assumed 
along the bonded length as it is shown in Figure 3.  
The mortar quality on the bond behavior is studied by assuming two different material properties for mortar 
representing high and low quality mortars. The mechanical properties of the adopted mortar types are presented in 
Table 2. In this table, fc is the mortar compressive strength, Gfc is the mortar compressive fracture energy, ft is the 
mortar tensile strength, and Gft is the mortar tensile fracture energy.  
 
 
(a) (b) 
Figure 3: FRP-strengthened masonry prism model: (a) geometry of the model; (b) FE model. 
 
Table 2: Mechanical properties of mortars. 
Mortar 
type 
fc 
(MPa) 
Gfc 
(N/mm) 
ft 
(MPa) 
Gft 
(N/mm) 
M1 10 3.6 0.6 0.03 
M2 3 1.8 0.25 0.018 
 
3.1  Global behavior 
The numerical force-slip curves obtained for different mortar types are shown in Figure 4 in comparison with the 
model without mortar. It can be seen that the bond strength and ductility decrease with decreasing the quality of 
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mortar. The maximum debonding force in the model without mortar is 7.9 kN, while a force of 7.2 kN was found 
for the model with mortar type M1 (high quality) and 6.12 kN for the model with mortar type M2 (low quality). 
The reduction in the debonding strength in the model with mortar M1 is negligible, 6.3%, while it is considerable 
in the model with mortar M2, 22.5%.  
 
 
Figure 4: Numerical force-slip curves obtained for different mortar types. 
 
The main assumptions made in this modeling approach are the elastic behavior of epoxy resin and FRP sheet. For 
verification of these assumptions, the state of stress in the FRP sheet and epoxy resin are controlled at the peak 
load, see Figure 5 , Figure 6. It can be seen that the maximum axial force in the FRP sheet is less than it tensile 
strength, 2525 MPa, which shows that the FRP sheet is in the elastic range. The maximum principle tensile stress 
in the epoxy resin is also lower than its  tensile strength, 31.6 MPa. 
 
 
(a) 
(b) 
Figure 5: Axial stresses in FRP sheet at the peak load: (a) model with mortar M1; (b) model with mortar M2. 
 
 
(a) 
(b) 
Figure 6: Maximum principle stresses in epoxy layer at the peak load: (a) model with mortar M1; (b) model with 
mortar M2. 
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3.2 Local behavior 
The shear stress distributions along the bonded length in the brick-adhesive section are shown in Figure 7 for 
different mortar types. It can be seen that the distribution of shear stresses are similar in the model with mortar M1 
and model without mortar, with a slight differences near the loaded end. On the other hand, the shear stress 
distribution in the model with mortar M2 shows sudden drops in the position of mortar joints representing the 
formation of large cracks in these areas. Moreover, the distribution of shear stresses has been occurred in a longer 
bond length almost equal to the whole bond length representing the increase in the effective bond length in the 
model with low quality mortar. This phenomenon can be also observed in the crack distributions obtained from 
numerical analysis, see Figure 8. 
It can be seen that the model without mortar has interfacial cracking as it was observed in the experimental tests. 
In the model with mortar type M1 (high quality), the cracks are propagated a little inside the masonry prism, while 
in the model with mortar type M2 (low quality) they have been propagated deeply inside, especially in the mortar 
joints position, as it was expected from shear stress distributions described before. 
 
 
Figure 7: Shear stress distribution along the bonded length. 
 
 
Figure 8: Crack distributions at the peak load for different models. 
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For better understanding of local bond behavior, the local bond stress-slip curves have been obtained at four 
different sections along the bonded length for all the models, see Figure 9. The sections are selected in such a way 
to understand the differences of local bond stress-slip behavior in the brick-adhesive and mortar-adhesive 
interfaces in different positions. The obtained bond stress-slip curves are almost bilinear in both models consisting 
of an ascending and a descending part. The descending part starts when the substrate material reaches its softening 
behavior due to the existence of large cracks.  
The bond stress-slip curves obtained from the model with mortar M1 show that the brick near the loaded end and 
the first mortar joint, sec.1 and sec. 2, are in the softening branch of the material behavior. However, in sec. 3 and 
sec. 4 the bond stress-slip curves are still in the ascending branch with very small slip values. Moreover, the bond 
strength of the mortar is high due to its high mechanical properties. In contrast, in the model with mortar M2, 
brick and mortar in sec. 1and sec. 2 have reached the maximum slip and the FRP has been debonded completely 
in these sections. The bond strength of the mortar joint is also significantly lower than the brick due to its lower 
mechanical properties.  
These observations show that the local bond stress-slip behavior may be different in the brick-adhesive and 
mortar-adhesive interfaces which should be considered in the numerical and analytical approaches. One solution 
in numerical analysis can be the adoption of different bond stress-slip curves or using an average bond stress-slip 
curve. However, this subject should be studied more extensively for proposing a uniform solution. 
 
 
(a)
(b) (c) 
Figure 9: FE local bond stress-slip curves: (a) sections under investigation; (b) model with mortar M1; (c) model 
with mortar M2. 
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3.3 Three-dimensional effects 
The shear stress distributions along the bonded length at the brick-adhesive section are shown in Figure 10 along 
the FRP middle and edge sections. The difference between the shear stress distributions along the FRP middle and 
edge is the evidence of three-dimensional nature of delamination problem. Although the FRP sheet is loaded 
under pure uniaxial tensile loading conditions, higher shear stresses are developed in the FRP middle section in 
comparison to the FRP edge section in both models with mortar type M1 and M2. It can be seen that this 
difference is large near the loaded end and reduces by moving towards the free end. A sudden drop can also be 
observed, being more severe in the model with low quality mortar, in the position of mortar joints, which has been 
described before.  
Another evidence of the three-dimensional nature of the debonding problem is the propagation of the cracks 
outside the bond area, which can be observed clearly in Figure 8. 
 
(a) (b) 
 
Figure 10: Shear stress distributions along the bonded length: (a) Model with mortar M1; (b) model with mortar 
M2. 
 
4 CONCLUSIONS 
A fully three-dimensional nonlinear model for investigating the bond behavior in FRP-strengthened masonry 
elements was presented in this paper. Different smeared cracking models and mesh sizes were used to obtain 
reasonable results comparing to the reference experimental data. It was found that the rotating smeared crack 
model is suitable for predicting the debonding phenomenon in FRP-strengthened masonry elements. The accuracy 
of the model was verified by comparing the numerical results with the reference experimental results.  
The effect of presence of mortar joints on the bond behavior was studied by modeling two mortar joints along the 
bonded length. Different material properties were used for the mortar joints representing low and high quality 
mortars. The effects of mortar joints were investigated on the global and local response of the strengthened 
elements and the local bond stress-slip curves were obtained and presented. It was shown that low quality mortar 
reduces the bond strength and maximum slip significantly. The effective bond length was increased in the model 
with low quality mortar. The local bond stress-slip curves obtained from the FE results, showed that the bond 
behavior is different in brick-adhesive and mortar-adhesive interface, begin larger in the model with low mortar 
quality. A solution to face this problem in a macro-modeling approach can be the use of an average bond stress-
slip model or different bond stress-slip models in brick-adhesive and mortar-adhesive interfaces, which should be 
studied more extensively. 
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